The effect of AKI and modern continuous RRT (CRRT) methods on drug disposition (pharmacokinetics) and response has been poorly studied. Pharmaceutical manufacturers have little incentive to perform pharmacokinetic studies in patients undergoing CRRT because such studies are neither recommended in existing US Food and Drug Administration (FDA) guidance documents nor required for new drug approval. Action is urgently needed to address the knowledge deficit. The Kidney Health Initiative has assembled a work group composed of clinicians and scientists representing academia, the FDA, and the pharmaceutical and dialysis industries with expertise related to pharmacokinetics, AKI, and/or CRRT. The work group critically evaluated key considerations in the assessment of pharmacokinetics and drug dosing in CRRT, practical constraints related to conducting pharmacokinetic studies in critically ill patients, and the generalizability of observations made in the context of specific CRRT prescriptions and specific patient populations in order to identify efficient study designs capable of addressing the knowledge deficit without impeding drug development. Considerations for the standardized assessment of pharmacokinetics and development of corresponding drug dosing recommendations in critically ill patients with AKI receiving CRRT are proposed.
Introduction
Few clinical data exist on the effect of AKI and modern continuous RRT (CRRT) methods on drug disposition (pharmacokinetics) and response. The incidence of dialysis-requiring AKI has risen sharply in recent years, averaging a 10% increase per year from 2000 to 2009 in the United States (1) . Pharmacokinetic data are necessary for the development of individualized drug dosing recommendations, particularly in critically ill patients with impaired organ function receiving extracorporeal treatment, yet pharmacokinetic studies have been conducted during CRRT for ,20% of currently marketed drugs (2) . Consequently, drug clearance and dosing data derived from patients with ESRD undergoing intermittent hemodialysis are often extrapolated to patients with AKI receiving CRRT, potentially leading to under-or overdosing of important drugs. Pharmaceutical manufacturers have little incentive to perform these studies because the studies are neither recommended in existing US Food and Drug Administration (FDA) guidance documents nor required for new drug approval. Most existing data were generated via small, single-center investigator-initiated studies, which are infrequently and inconsistently performed (3, 4) . Moreover, practical institutional experience with specific drugs and CRRT modalities, while valuable, is often not published or disseminated. Collectively, the increasing use of CRRT, the varied CRRT modalities, and reliance on a large number of potentially lifesaving medications in patients undergoing CRRT necessitate action to address the knowledge deficit. Appropriately designed pharmacokinetic studies could optimize dosing recommendations for new and currently approved drugs likely to be used in critically ill patients who often exhibit altered pharmacokinetics in the setting of AKI and CRRT.
The Kidney Health Initiative assembled a work group of members composed of clinicians and scientists representing academia, FDA, and pharmaceutical and dialysis industries with expertise related to pharmacokinetics, AKI, and/or CRRT (5). The work group critically evaluated key considerations in pharmacokinetic assessment and drug dosing in CRRT, practical constraints related to conducting pharmacokinetic studies in critically ill patients, the generalizability of observations made in the context of specific CRRT prescriptions and specific patient populations, in order to identify efficient study designs capable of addressing the knowledge deficit without impeding drug development. We propose standardized assessment of pharmacokinetics and development of corresponding drug dosing recommendations in critically ill patients with AKI receiving CRRT.
receiving CRRT. The vast majority of drugs are dosed using either a one-size-fits-all approach made possible by a drug's wide therapeutic index (i.e., many antibiotics), titration to effect (i.e., antihypertensives), or using therapeutic drug monitoring, as with calcineurin inhibitors. Generally speaking, drugs that are dosed by titration to effect or therapeutic drug monitoring may be a lower priority for studying in patients receiving CRRT. Drug attributes that decrease the likely need for studying pharmacokinetics during CRRT are listed in Table 1 . Drugs that do not exhibit these attributes and that are likely to be used in the critical care setting should be considered for inclusion in a CRRT pharmacokinetic study.
The physiochemical and pharmacokinetic properties of a drug determine whether dosage adjustment is required in patients with impaired kidney function (6) . These properties may also be used to predict whether pharmacokinetics will be altered in the setting of AKI and CRRT. Molecular weight of a drug strongly influences renal clearance (CL R ) and extracorporeal clearance (CL EC ). In general, molecular weight is inversely related to CL EC . The degree of plasma protein binding of a drug influences its renal and CL EC because the drug-protein complex is too large to be filtered. In addition, plasma protein binding prevents movement or distribution of drug out of the intravascular space to extravascular sites, so drugs with high protein binding are often associated with modest volumes of distribution (V D ) (i.e., ,1 L/kg). Generally speaking, drugs with a large V D (.1 L/kg) or high plasma protein binding (.80%) exhibit low CL EC (7) . The larger the V D , the greater the fraction of drug that is located in extravascular sites and thus not exposed to the extracorporeal circuit. CL R or CL EC of a drug can exert a clinically significant impact on the amount in the body only if clearance by these routes is similar to, or greater than, other endogenous nonrenal clearance (CL NR ) pathways.
It is extremely important to properly dose-adjust narrow therapeutic index drugs that are likely cleared by dialysis modalities, and for which therapeutic drug monitoring is not standard. Dose adjustment may also be important for some drugs with wider therapeutic indices; underdosing with azole antifungals and glycopeptide or b-lactam antibiotics, for instance, may contribute to treatment failures and the emergence of drug-resistant pathogens (8) . Table 2 lists some candidate classes of drugs in which pharmacokinetic assessment in the setting of CRRT was identified by Kidney Health Initiative work group members to be a high priority.
Patient Populations
CRRT can be used in adults with a variety of conditions and with AKI. However, given the overall equivalency of outcomes in dialysis-dependent patients with AKI treated with intermittent hemodialysis or with CRRT, the latter is used primarily in patients with hemodynamic instability requiring vasoactive support, severe volume overload, marginal BPs at risk for dysrhythmias with rapid volume removal during intermittent hemodialysis, severe catabolism or septic disorders (9) (10) (11) . Hence, pharmacokinetic studies in hemodynamically unstable individuals with AKI undergoing CRRT may provide the most relevant data to inform clinical practice. Studies could also be conducted while performing CRRT in hemodynamically stable patients with AKI; however, the V D of many drugs may differ considerably from individuals who are most likely to be treated clinically with CRRT. Fluid resuscitation typically required by hemodynamically unstable patients often results in large increases in the extravascular volume or marked changes in protein binding, both of which affect drug distribution and can impact drug response (12) .While pharmacokinetic studies could be carried out by performing CRRT in hemodynamically stable individuals with ESRD (13), dramatic differences in pathophysiologic processes, including nonrenal clearance of drugs, and blood and effluent flow rates will likely lead to considerably different dosing requirements in unstable critically ill patients (with or without ESRD) versus stable ESRD patients.
In addition to adults, CRRT has been provided to patients representing the entire age and size range encountered by pediatricians (14, 15) . Smaller patients with AKI demonstrate higher mortality rates than larger children and represent an especially vulnerable cohort (16) . It is important to note that the most commonly used CRRT devices are currently cleared by the FDA only for the indications of continuous solute and/or fluid removal in patients with AKI or fluid overload. Accordingly, we recommend that CRRT pharmacokinetic studies be conducted in the setting of AKI or fluid overload, even though CRRT has been used to remove exogenous and endogenous toxins (e.g., hyperammonemia) in patients without AKI or fluid overload (15, 17, 18) .
Irrespective of patient population, the relevant patient characteristics to be considered when designing such studies include patient age, height, weight, residual kidney function, hepatic function, serum albumin concentration, AKI etiology, nutritional status, and comorbid conditions (4).
Study Design Considerations
Two fundamentally important factors considered were feasibility of study conduct and generalizability of the study findings to any CRRT modality. It may be possible to provide (9) . Because effluent flow rate (Q E ) is easily quantified and is the most important parameter in determining drug removal (7), it may prove ideal to incorporate into drug dosing recommendations. Derivation of dosing recommendations would begin by characterizing the relationship between pharmacokinetic parameters and total Q E during CRRT in a standardized fashion. One possible approach might be use of a fixed blood flow rate with one or two commonly prescribed effluent flow rates. The dialysate and replacement flow rates could be varied as needed to generate the target Q E . If multiple effluent flow rates are assessed, a simple parallel study design in which separate groups of participants are enrolled (with each group receiving the test treatment under only one effluent flow rate) may be more feasible than a crossover study (i.e., patient clinical status may not be amenable to multiple effluent flow rates and the required washout period in a crossover study). Unlike a "dedicated" renal impairment study, a CRRT study may not require active enrollment of a matched healthy control group (19) . CRRT studies will probably enroll heterogeneous patients exhibiting a variety of demographic characteristics, comorbidities, and organ dysfunction, which may contribute to greater variability in pharmacokinetics. This variability may require a larger sample size to achieve adequate statistical power and precision for key pharmacokinetic attributes.
Study Duration
Pharmacokinetic assessment could be carried out in a single-dose study over at least a standard dosing interval of the test treatment. Alternatively, a multiple-dose study characterizing the pharmacokinetics to steady state (or of a sufficient duration to adequately determine the intra-and intersubject variability) would provide more granular information (e.g., change in conditions of the critically ill patient and the CRRT procedure, and corresponding variability in CRRT clearance).
Flow Rates
Adult Patients. In CRRT, the primary determinant of small solute clearance is the Q E , which is the sum of dialysis fluid, replacement fluid (pre-and post-filter), and net ultrafiltration (i.e., net fluid removal) rates (11). Moreover, Q E exerts an important effect on pharmacokinetics (20, 21) , predicts extracorporeal clearance of antimicrobial agents (22) , and inversely influences achievement of therapeutic drug concentrations in vivo (23) . Typical CRRT prescriptions specify the target dialysate flow rate (Q D ) and/or the fluid replacement rate (Q R ) parameters along with the net ultrafiltration rate, while Q E is a calculated parameter. The blood flow rate (Q B ) varies little over time. Although it may affect solute clearance in convective modalities (continuous venovenous hemofiltration) due to dilution effects related to infusing replacement fluids prefilter, Q B is a relatively minor determinant of effective solute clearance compared with Q E in diffusive modalities (continuous venovenous hemodialysis and continuous venovenous hemodiafiltration). Therefore, to streamline and enhance the feasibility of carrying out these studies, investigators could use a fixed Q B, representative of that typically used in the clinical setting (e.g., Q B =200 ml/min) during pharmacokinetic assessments. In addition, we suggest assessing one effluent flow rate per period or per patient (depending on the study design), representative of contemporary clinical practice. For example, two well studied and commonly used targets of 25 ml/kg per hour or 35 ml/kg per hour (24, 25) are practical effluent flow rates that could be incorporated into a CRRT study. While KDIGO recommends delivering an effluent volume of 20-25 ml/kg per hour for CRRT in AKI (9), this will usually require higher prescription of effluent volume due to access malfunction, machine downtime, and other factors. Thus, the ranges that occur in clinical practice to achieve 20-25 ml/kg per hour are encompassed in our recommendation. The Q D and Q R may be varied as clinically indicated to maintain the target Q E . Replacement fluid may be infused pre-or postfilter according to institutional experience and preference. However, there may be differences in drug clearance with use of pre-versus postfilter replacement at the same effluent and blood flow rates (26, 27) , so we encourage a consistent approach throughout the duration of pharmacokinetic sampling with individual participants at each institution. Standard replacement fluid and dialysate solutions may also be used according to institutional preference. In the event that any additional fluid removal in excess of the Q E is prescribed, then the total ultrafiltration rate is also important to know. Certainly, one may consider alternative CRRT prescriptions for study. However, the interpretation of any study design will be simplified by holding constant all settings and parameters for the duration of pharmacokinetic sampling.
Pediatric Patients. As in adults, use of a fixed Q B in pediatric patients may facilitate standardized assessment of pharmacokinetics. One or two blood flow rates that vary by patient weight according to typical clinical practice may be considered. Use of one Q E per patient in a parallel design may be feasible as described above. Effluent flow rates for consideration that are representative of current clinical practice include 2000 ml/1.73 m 2 per hour and 3000 ml/1.73 m 2 per hour (28) . The Q D and Q R may be varied as clinically indicated to maintain the target Q E , and replacement fluid may be infused pre-or postfilter according to institutional experience and preference. Standard replacement fluid and dialysate solutions may be used.
Hemofilter
Investigators could use any standard contemporary hemofilter according to institutional experience and preference. The filter brand, manufacturer, membrane composition, surface area, and clearance characteristics, such as molecular weight cutoff, should be reported. If more than one type of hemofilter is used in a study, the relationship between Q E and drug clearance may differ among hemofilters; such relationships may be explored during the study and accounted for in the analysis of pharmacokinetic parameters. Finally, because clearance may decrease as filter life increases, the hour or day of filter life should be considered in the pharmacokinetic model.
Drug Dose
CRRT pharmacokinetic studies may evaluate standard starting doses of the drug under investigation, unless adjusted doses have been previously shown to be required (i.e., in the setting of impaired kidney function, obesity, or substantial volume expansion), in which case an appropriate adjusted dose should be considered. Alternatively, the initial dosing could be based on in silico estimates of CL EC , as demonstrated previously (29) .
Sampling/Measurement
Blood and effluent samples are needed to calculate CL EC during CRRT (7). The A-V pair and the recovery methods are potential approaches to determine CL EC (30) . Serial plasma samples for drug and metabolite (if applicable) concentrations should be collected over at least a standard dosing interval after dosing. An interim analysis early in the study would allow appropriate adjustment of the pharmacokinetic sampling schedule, if necessary, to optimally estimate the parameters. This approach could potentially minimize the burden of unnecessarily prolonged sampling if clearance is high with the CRRT. Other sampling considerations include determination of total volume of effluent in a planned time window, as well as collection of serial effluent samples at the corresponding time points for collection of plasma samples (31) . Ideally, protein binding, total and free drug concentrations and corresponding clearance parameters are characterized in CRRT studies (4, 7, 32) . The minimum data required for pharmacokinetic analysis, including all necessary details for the above measurements, such as exact sampling time points, timing of changes in procedure or altered conditions (e.g., Q B , Q E ) should be carefully considered as previously described (4,7).
Data Analysis and Development of Dosing Recommendations
The primary intent of the data analysis is to characterize the pharmacokinetics in patients undergoing CRRT and determine the need for dosage adjustment. On the basis of the information collected in these studies, a population pharmacokinetic modeling approach may be considered for derivation of dosing recommendations; simulations may be useful in deriving recommendations for CRRT conditions not tested in the study (33) . Important aspects of data analysis might include the following:
c Estimation of pharmacokinetic parameters, including variability c Comparison of pharmacokinetic parameters to those of typical patients with normal kidney function (literature or sponsor data) or the appropriate reference population c Quantification of the impact of changes in the prescribed Q E on the pharmacokinetic parameters of interest, and interpolation for flow rates not evaluated in this study c Assessment of whether dosage adjustment is warranted in CRRT recipients c If dosage adjustment is warranted, derivation of specific dosing recommendations for the studied conditions
Estimation of Pharmacokinetic Parameters
Standard noncompartmental modeling may be used to calculate key pharmacokinetic parameters. In addition, CL EC should be calculated as appropriate based on the specific modality used (6,7). CL EC may then be compared with total clearance (CL TOT ) to determine the contribution of CRRT to CL TOT , where CL TOT =CL EC +CL R +CL NR (6) . Historically, if CL EC exceeds 25%-30% of CL TOT , then the contribution of CRRT to CL TOT is considered clinically significant, and dosage adjustment is often warranted (6, 34) . Investigators may also consider calculating the fraction of the administered dose that is recovered in the effluent in order to assess the need to administer supplemental drug doses to CRRT patients. Finally, determination of the contribution of adsorption to CL EC may be important for select drugs and hemofilters (6, 35) .
While standard noncompartmental modeling may be used to calculate key pharmacokinetic parameters, the time course for drug concentrations in the plasma, effluent, and urine (when available) can also be subjected to compartmental modeling using a population-based approach (36) (37) (38) . Based on the model that best describes the data, covariate relationships can be evaluated to describe the effect of covariates such as treatment and patient variables (e.g., Q E , body weight) on the pharmacokinetic model parameters (such as clearance and V D ). These equations can help simulate the plasma concentration-time profiles and prediction of dosing requirements for effluent flow rates that may have not been tested in the current study. Moreover, physiologically-based pharmacokinetic modeling and simulation may be informative in evaluating the effect of intrinsic (e.g., organ function, age, albumin) and extrinsic (e.g., effluent flow rate) factors on systemic drug exposure (39) . This approach has been used for assessing the effect of kidney disease on the pharmacokinetics of non-renally eliminated drugs (40) . There is limited experience with model-based simulation in the CRRT context; however, this may prove important if it can be routinely shown to predict pharmacokinetics in heterogeneous complex patients, such as critically ill patients exhibiting a variety of demographic characteristics, comorbidities, and organ function (33) .
Derivation of Dosing Recommendations
Pharmacokinetic parameters in CRRT recipients could be compared with those of a reference population (i.e., healthy persons or critically ill patients without AKI) for which a dose recommendation exists to determine whether dosing adjustment is needed to achieve similar exposure in CRRT recipients. For example, the total clearance and elimination half-life can be compared with that observed in control participants to assess the need for adjusting the dosing frequency. Typically the dose, dosing interval, or both are adjusted to produce a range of plasma concentrations of drug or active metabolites that is similar to that observed in control participants who require the standard dose of the drug.
Provision of Dose Recommendations (Labeling)
The information generated from CRRT studies could be included in prescribing information to provide dosing recommendations for the studied conditions and may be valuable in extrapolating dosing recommendations to other modalities, assuming effluent flow rate is known. Any documents, including product labeling, that include dosing recommendations for patients undergoing CRRT may benefit from inclusion of a brief summary of the studies that provide the data to support the recommendations. Summary information could include relevant patient characteristics (e.g., age range, underlying illnesses), details of CRRT conditions evaluated (e.g., modality, flow rates), drug dosage regimen, and pharmacokinetic parameter estimates. If dosing instructions are provided for methods of CRRT that were not studied, the document could describe the method of dosing extrapolation.
Other Regulatory Considerations
Pharmacokinetic studies of investigational and marketed drugs conducted with the intent to inform proper dosing should be performed under the auspices of an Investigational New Drug application (IND) for both adult and pediatric study populations. In addition, because of current FDA restrictions on use of CRRT devices in patients below certain weight thresholds, the division within the Center for Drug Evaluation and Research responsible for reviewing the IND should consult the Center for Devices and Radiologic Health for additional perspectives for relevant study populations. Studies not conducted under an IND that involve CRRT devices in populations below the weight threshold would require an Investigational Device Exemption.
